We propose a coupled microdisk laser as a compact and tunable laser source for the generation of a coherent continuous wave THz radiation by photomixing. Using the Schrödinger-Bloch model including the nonlinear effect of active medium, we find single mode and two mode lasings depending on the pumping strength. We explain the transitions of lasing modes in terms of resonant modes which are the solutions of the Schrödinger-Bloch model without active medium and nonlinear interaction. In particular, a two mode lasing is shown to generate THz oscillating frequency originating from the light beating of two nearly degenerated resonant modes with different symmetries. c 2014 Optical Society of America OCIS codes: 130.3120, 140.3945.
The Terahertz (THz) frequency range of the electromagnetic spectrum has attracted considerable research interests due to its wide range of potential applications [1] . Continuous-wave (CW) THz wave generation by photomixing, which enables the generation of CW THz radiation by difference frequency generation of two lasers, was reported [2] [3] [4] . Because of the short photocarrier lifetime of a photomixer, the photocurrent is modulated at the difference frequency of two lasers, so that the electromagnetic wave at this frequency is generated. Recently, dual-mode lasers, which excite two laser modes from a single or combined laser cavity, have been studied for the compact and tunable laser source for THz photomixing in order to resolve the difficulty of alignment for spatial mode matching and stabilization of two independent lasers [5, 6] . Two-dimensional semiconductor microdisk lasers based on whispering-gallery mode (WGM) have attracted much attention because of their high potential in a number of applications related to high-density optoelectric integration [7, 8] . The microdisk lasers can produce single lasing modes with ultralow threshold in dimensions of the order of an optical wavelength due to strong light confinement by total internal reflection. Advances in material science and nanofabrication techniques enhance the utility of microdisk lasers, especially deformed [9, 10] and coupled [11, 12] microdisks. Deformed and coupled microdisk lasers generate intrinsic mode splittings of WGMs with degenerated clockwise and counterclockwise components [13] [14] [15] [16] . The mode splittings of deformed and coupled microdisk lasers come from geometrical symmetry breakings due to the shape deformation and perturbation in the evanescent field outside resonators, respectively.
In this Letter, we numerically study lasing operation of the coupled microdisk laser, employing the Schrödinger-Bloch (SB) model. We demonstrate that the coupled microdisk laser can generate a tunable THz beatnote due to an intrinsic quasi-degeneracy of resonant modes. Our results suggest that the coupled microdisk laser could be used as a compact laser source for the generation of THz radiation by photomixing. Figure 1 (a) shows two dimensional coupled microdisk laser. We set the radii of right and left microdisks R 1 = 1µm and R 2 = 0.95µm and the interdisk distance d = 0.1µm. The refractive indices inside and outside the two microdisks are n in = 2.0 and n out = 1.0. In order to study the lasing modes in the coupled microdisk laser, we use the SB model [17, 18] considering the nonlinear interaction between light field and active medium
whereẼ andρ are the slowly varying envelope of the TM electric field and polarization field, respectively, and W is the population inversion. The space and time are made dimensionless by the scale transformation (n in ω 0 x/c, n in ω 0 y/c, tω 0 )→(x, y, t), respectively, where ω 0 is the oscillation frequency of the light field, which is the same as the transition frequency of two level medium in our model. The α L (x, y) is the linear absorption coefficient, which is the constant α L inside the cavity and zero outside. The transversal and longitudinal relaxation rates are made dimensionless by the transformation (γ ⊥ /ω 0 , γ /ω 0 )→ (γ ⊥ ,γ ), respectively.κ is the dimensionless coupling strength κ/ω 0 . W ∞ is the external pumping parameter, which we control for transition of lasing modes. Using this model, the nonlinear interaction between two (or more) lasing modes was studied in the stadiumshaped microcavity laser [19] [20] [21] [22] . To improve lasing efficiency and to lase WGMs on the right microdisk, we only pump near the outer boundary of the right microdisk. The width of the selective pumping area in Fig. 1(a) is 0.3R 1 . The oscillation frequency ω 0 of the light field, which lies at the gain center, is 14.4185×10
14 Hz. We fix the other parameters as follows: α L = 1.5074 × 10 −4 , µ = 26.7035,γ ⊥ = 6.9400 × 10 −3 , γ = 6.9400 × 10 −6 , andκ = 1.1172 × 10 −5 . From the SB model, we obtain the time evolutions of intensities, the power spectrums, and the light intensity patterns of lasing modes as increasing the pumping strength W ∞ . The light field starts from an initial condition of two Gaussian wave packets, each being located inside a disk as shown in Fig. 1(b) . Figure 1(c) shows the total intensity of the light field inside two microdisks as a function of pumping strength W ∞ . A single mode lasing occurs if the pumping power exceeds the lasing threshold, W ∞ = 0.16. In the regime of the single mode lasing, as time goes by, the total intensity of the light field grows exponentially at first and finally becomes stationary through relaxation oscillation. The optical spectrum of the lasing mode has a single peak and its stationary intensity pattern is shown in Fig. 1(d) .
In order to understand the lasing mode dynamics of the SB model, it is useful to consider solutions, E(x, y, t) = e −iξt ψ(x, y) of a passive cavity obtained by putting α L = µ = 0 in Eq. (1), which are numerically solved by the boundary element method [18, 23] . Figure 2 shows six high-Q resonant modes near the gain center, Re(ξ) = 0, and the intensity patterns of two resonant modes closest to the gain center, with even (E) and odd (O) symmetries with respect to the x-axis. It should be noted that the modes other than modes E and O in Fig. 2 are WGM localized on the left microdisk, thus being unlikely to be excited in our selective pumping simulations. The pattern of Fig. 1(d) is almost the same as the intensity pattern of the resonant mode E with even parity in Fig. 2 . These results convince us that the lasing mode is a single mode supported by resonant mode E, which is the highest-Q mode near the gain center of the laser. As we increase the pumping power, the single mode lasing changes into a two mode lasing when W ∞ = 0.25. Figure 1(c) shows the change of a slope of the light intensity at W ∞ = 0.25, which represents a transition from single mode lasing to two mode lasing. The time evolution of light intensity at W ∞ = 0.5 is quasiperiodic as shown in Fig. 3(a) , where the optical spectrum exhibits two peaks corresponding to the modes E and O as shown in Fig. 2 . The quasiperiodic oscillation originates from the beating of the nearly degenerated modes E and O, which is revealed by the fact that mode patterns at A, B, C, and D in Fig. 3(a) almost correspond to the linear superpositions of these two modes.
When the interaction between modes E and O is small, the time evolution of the light field is quasiperiodic as if there exist two independent modes of different frequencies ν 1 and ν 2 . The intensity varies sinusoidally at the beating frequency |ν 1 − ν 2 |, 0.6 THz in our case as confirmed in Fig. 3(b) . Since the time series of Fig. 3(a) is obtained at the observation point where there is no phase difference between modes E and O, the maximum and the minimum of the intensity I(t) are expressed as Fig. 3(c) ] and |ψ 1 − ψ 2 | 2 [ Fig. 3(d) ], respectively, and in between |ψ 1 | 2 + |ψ 2 | 2 [ Fig.3(e) ]. The oscillating intensity patterns are revealed to be the alternate oscillation in far field measurement, which is a switching of light emission directions [24] .
Finally we emphasize the advantage of using the cou- pled microdisk laser in THz application. First, it is relatively easy to achieve a two mode lasing in a coupled microdisk laser because two high-Q modes with different symmetries are always very close to each other in mode frequency due to weak evanescent coupling. Secondly the beat frequency of the two mode lasing in the coupled microdisk laser is tunable because the mode splitting of two resonant modes can be controlled by changing various system parameters such as the interdisk distance, the size of microdisk, and the refractive index which depends on the temperature of microdisk [12] . For example, if the system is not too small, we can control systematically the beat frequency as a function of the interdisk distance because the splitting of two nearly degenerate modes gets larger, i.e., the beat frequency increases as the interdisk distance decreases. Thirdly the coupled microdisks have a benefit in optoelectric integration since they can generate a directional light emission without influencing the spectral characteristics of the lasing modes. This can be achieved simply by deforming the left microdisk where the light intensity is not strong [25] . In summary, we have studied the dynamics of lasing mode in coupled microdisk laser using the Schrödinger-Bloch model. We have obtained single mode and two mode lasing regimes as a function of pumping strength and explained the lasing mode dynamics based upon two modes of a passive cavity. In the broad range of parameters, the THz beat frequency can be generated by a quasiperiodic motion of the two mode lasing with nearly degenerate frequencies. We expect a coupled microdisk laser to be a promising device as a compact and tunable laser source for the generation of THz radiation by photomixing.
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